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Summary

The zinc finger transcription factor ThPOK plays a crucial role in CD4 T-

cell development and CD4/CD8 lineage decision. In ThPOK-deficient

mice, developing T cells expressing MHC class II-restricted T-cell recep-

tors are redirected into the CD8 T-cell lineage. In this study, we investi-

gated whether the ThPOK transgene affected the development and

function of two additional types of T cells, namely self-specific CD8 T

cells and CD4+ FoxP3+ T regulatory cells. Self-specific CD8 T cells are

characterized by high expression of CD44, CD122, Ly6C, 1B11 and prolif-

eration in response to either IL-2 or IL-15. The ThPOK transgene con-

verted these self-specific CD8 T cells into CD4 T cells. The converted

CD4+ T cells are no longer self-reactive, lose the characteristics of self-spe-

cific CD8 T cells, acquire the properties of conventional CD4 T cells and

survive poorly in peripheral lymphoid organs. By contrast, the ThPOK

transgene promoted the development of CD4+ FoxP3+ regulatory T cells

resulting in an increased recovery of CD4+ FoxP3+ regulatory T cells that

expressed higher transforming growth factor-b-dependent suppressor

activity. These studies indicate that the ThPOK transcription factor differ-

entially affects the development and function of self-specific CD8 T cells

and CD4+ FoxP3+ regulatory T cells.

Keywords: forkhead box protein 3; regulatory T cells; self-specific CD8

T cells; ThPOK.

Introduction

The mature T-cell population is divided into two main

lineages that are defined by the expression of CD4 and

CD8 surface molecules. CD8+ T cells are restricted by

MHC I molecules and possess cytotoxic activity by virtue

of the expression of molecules such as perforin and gran-

zyme.1 By contrast, CD4+ T cells are restricted by MHC

II molecules and either provide help or suppress other

immune cells through either cytokine secretion and/or

expression of specific cell surface molecules.1 During T-

cell development the strength and duration of T-cell

receptor (TCR) signalling play key roles in CD4/CD8

lineage choice.2 In addition to TCR signalling, a number

of transcription factors have recently been shown to play

important roles in CD4/CD8 lineage choice. These tran-

scription factors include the Runx family member

Runx3,3 the zinc finger protein ThPOK (also called

cKrox)4,5 and Gata-3.6,7 Runx3 is up-regulated in devel-

oping thymocytes that are committed to the CD8 T-cell

lineage and promotes the termination of CD4 expres-

sion.4,8 By contrast, ThPOK and Gata-3 are up-regulated

in developing thymocytes that are committed to the

CD4+ T-cell lineage.4,5,9 Notably, the loss of ThPOK

function redirects developing T cells that express MHC

II-restricted TCRs into the CD8 T-cell lineage, whereas

constitutive ThPOK expression redirects developing

T cells that express MHC I-restricted TCRs into the CD4

T-cell lineage.4,5 By contrast, although constitutive Gata-3

expression promotes the development of CD4+ T cells, it

does not redirect developing thymocytes that express

MHC class I-restricted TCRs into the CD4 T-cell line-

age.10 These observations provide a novel insight regard-

ing the relative roles of ThPOK and Gata-3 in CD4

lineage choice, with ThPOK playing a pivotal role in this

process.
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During T-cell development in the thymus, immature

T cells that express TCRs with high affinity for self anti-

gens are deleted by a process referred to as negative selec-

tion. In TCR transgenic mice that express a male-specific

TCR (H-Y TCR), negative selection of developing thymo-

cytes that express the H-Y TCR leads to the massive dele-

tion of double-positive thymocytes.11 Interestingly, in

male H-Y TCR transgenic mice, in spite of this negative

selection process, a population of CD8+ T cells that

express the self-reactive H-Y TCR was able to develop.12

However, these self-reactive CD8+ T cells differ from con-

ventional CD8+ T cells in many aspects. They express a

lower level of cell-surface CD8 and possess a memory

phenotype as exemplified by high expression of CD44,

CD122 and Ly6C.12,13 These self-specific CD8 T cells were

able to proliferate in response to interleukin-2 (IL-2) and

IL-15 in the absence of TCR stimulation.14,15 Further-

more, when cultured in IL-2, they dramatically up-regu-

late NKG2D expression and participate in the killing of

syngeneic tumours, particularly those that expressed

NKG2D ligands.15 These self-specific CD8 T cells are not

an oddity of TCR transgenic mice because they represent

~ 10% of all CD8+ T cells in normal mice.15,16 They pos-

sess innate-like properties, due in part to their rapid pro-

duction of interferon-c (IFN-c) in response to bacterial

infection and serve as a critical source of IFN-c in the

defence against bacterial infections.14,15 Furthermore, unlike

conventional CD8 T cells, these self-specific CD8 T cells are

not dependent on RasGRP117 and Tec kinases18–20 for their

development but instead are dependent on high-affinity

interaction with self antigen14 and IL-1518,20,21 for their

development. High-affinity interactions with self antigen

appear to be a common feature for the development of

various regulatory cell types, including CD4+ T regulatory

(Treg) cells22 and T helper type 17 cells.23

CD4 Treg cells comprise between 5 and 10% of periph-

eral CD4+ T cells and play a critical role in the mainte-

nance of peripheral tolerance by suppressing immune

responses to self antigens.24,25 They also regulate immune

responses to foreign antigens and tumour antigens.26–28

The forkhead box protein 3 (FoxP3) is a transcription

factor that is expressed by CD4+ CD25+ T cells in mice

and humans.29–31 FoxP3 is required for the development,

maintenance and function of Treg cells.29–31 Treg cells

that have lost FoxP3 were implicated in the induction of

autoimmune diseases, further suggesting that these cells

express high-affinity TCRs for self antigens and loss of

FoxP3 converts them from suppressors to pathogenic

effector T cells.29–31 Various mechanisms have been pro-

posed for the suppressor function of Treg cells: suppres-

sion may occur through the secretion of suppressor

cytokines [transforming growth factor (TGF-b), IL-10

and IL-35),32–34 competition for IL-2,35 expression of

suppressor molecules (galectin-1) on their cell surface,36

and the killing of effector T cells.37

Previous studies have shown that expression of the

ThPOK transgene in developing T cells led to the redirec-

tion of developing thymocytes that express MHC class

I-restricted TCRs into the CD4 T-cell lineage.4,5 Further-

more, transduction of ThPOK into mature CD8 T cells

inhibits their expression of CD8, cytotoxic effector genes

and promotes expression of helper-specific genes,

although not of CD4 itself.38 The development of conven-

tional CD8+ T cells is dependent on low-affinity interac-

tions between the TCR on immature CD4+ CD8+

thymocytes with positively selecting ligands.1 In contrast,

the development of self-specific CD8+ T cells and CD4+

Treg cells is dependent on high-affinity interactions

between the TCR on developing thymocytes and self

ligands.14,22 It is therefore of interest to determine

whether the ThPOK transgene affects the development

and function of self-specific CD8 T cells and CD4 Treg

cells in a manner that is either similar to or distinct from

its effect on conventional CD8 T cells. Our data indicated

that the ThPOK transgene converted self-specific CD8

T cells into CD4+ CD8� T cells with the characteristics of

conventional CD4+ T cells. By contrast, the ThPOK trans-

gene was unable to convert Treg cells into T helper cells

and instead promoted the development and suppressor

function of CD4+ FoxP3+ Treg cells. These studies indi-

cate that the CD4 lineage-specific transcription factor,

ThPOK differentially affects the development and function

of self-specific CD8 T cells and CD4+ FoxP3+ Treg cells.

Materials and methods

Mice

B6 mice were obtained from the Jackson Laboratory (Bar

Harbor, ME). H-Y TCR transgenic mice were produced

as previously described.39 Breeders for mice expressing

the ThPOK transgene under the control of the human

CD2 promoter5 were kindly provided by Dr Remy Bosse-

lut (Center for Cancer Research, National Cancer Insti-

tute, National Institutes of Health, Bethesda, MD).

Breeders for the FoxP3-DTR mice were kindly provided

by Dr Alexander Rudensky (Memorial Sloan-Kettering

Cancer Center, New York, NY). The targeting construct

for the FoxP3-DTR mice limits the expression of both the

human diphtheria toxin receptor (DTR) and green fluo-

rescent protein (GFP) to FoxP3+ cells.40 H-Y mice with

the ThPOK transgene were produced by mating female

homozygous H-Y TCR transgenic mice with male mice

that expressed the ThPOK transgene and typing for the

ThPOK transgene by PCR. ThPOK-FoxP3-DTR mice

were obtained by mating homozygous female FoxP3-DTR

mice with male ThPOK-FoxP3-DTR mice and typing for

the ThPOK transgene by PCR. Mice aged 8–12 weeks

were used for the experiments described in this study.

The mice were housed in the Wesbrook Animal Unit,
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Department of Microbiology and Immunology. Animal

studies were performed according to guidelines estab-

lished by the Canadian Council of Animal Care and

approved by our institutional review board.

Flow cytometry

Single cell suspensions from lymph nodes, spleens or thy-

mus were subjected to red blood cell lysis. All incubations

were performed in FACS buffer on ice for 15 min. Anti-

bodies against CD4, CD8, H-Y TCR, CD44, CD122,

Ly6C, 1B11, 2B4, CD94, DX5, NKG2D, granzyme B, IFN-

c, tumour necrosis factor-a (TNF-a), CD25, CTLA-4,

GITR, FoxP3, Gata-3, IL-4, IL-10 and mouse, rat, Arme-

nian Hamster IgG isotype control antibodies, were pur-

chased from eBioscience (San Diego, CA). Antibodies

against TGF-b were purchased from R&D Systems (Min-

neapolis, MN). For intracellular staining of cytokines,

GolgiPlugTM (BD Biosciences, San Jose, CA) was added to

block cytokine secretion before activation. The activated

cells were fixed, permeabilized with a FoxP3 staining buf-

fer set (eBioscience) following the manufacturer’s proto-

cols and subsequently stained and analysed by FACS. The

FACS analyses were performed using either the FACScan

or LSRII (BD Biosciences) flow cytometers.

CFSE labelling

Purified CD8lo or CD4+ cells (107/ml) from H-Y TCR

and H-Y ThPOK transgenic mice were labelled with 1 lM
carboxyfluorescein succinimidyl ester (CFSE; Molecular

Probes, Eugene, OR) in PBS for 10 min at room temper-

ature. After stopping the reaction by adding an equal

amount of FBS (Invitrogen, Carlsbad, CA), cells were

washed four times with complete medium before use.

Proliferation assays

CD8lo H-Y TCR+ cells from male H-Y TCR mice, CD4+

H-Y TCR+ cells from male ThPOK H-Y mice, were puri-

fied by cell sorting with the FACSAria flow cytometer (BD

Biosciences) with purities over 95%. For H-Y peptide

stimulation, the purified cells were labelled with CFSE and

stimulated with 5 9 105 mitomycin C (50 lg/ml) -treated

antigen-presenting cells from female B6 mice and the

indicated concentration of H-Y peptide14 in a 96-well

U-bottom plate. CFSE measurements were assessed by

FACS at 72 and 90 hr. For concanavalin A activation,

sorted CD8lo H-Y TCR+ cells and CD4+ H-Y TCR+ cells

from male H-Y TCR mice and H-Y ThPOK mice, respec-

tively, were labelled with CFSE and stimulated with conca-

navalin A (2 lg/ml) for 48 and 60 hr. For IL-2 and IL-15

stimulation, purified cells were labelled with CFSE

and stimulated with either IL-2 (200 U/ml) or IL-15

(100 ng/ml) for 72 and 96 hr and CFSE dilutions were

assessed by FACS. In some experiments, 5 lg/ml isotype

control antibody or anti-CD122 (eBioscience) were added

to the cultures as indicated.

Quantitative reverse transcription-polymerase chain reac-
tion

CD4+ cells and CD8+ cells from B6 mice, CD8lo H-Y

TCR+ cells from male H-Y TCR mice, CD4+ H-Y TCR+

cells from male H-Y ThPOK mice, CD4+ FoxP3+ cells

from FoxP3-DTR and ThPOK-FoxP3-DTR mice were all

purified by cell sorting with the FACSAria flow cytometer

with purities over 95%. The purified cells were activated

with PMA and ionomycin for 4 hr. RNA isolation and

first-strand cDNA syntheses were prepared using the

RNA mini kit (Qiagen, Hilden, Germany) and M-MuLV

First Strand cDNA Synthesis kit (BioLab, Ipswich,WA) follow-

ing the manufacturer’s protocols. The indicated transcripts

in the cDNA samples were quantified using TaqMan gene

expression assay kits (Applied Biosystems, Foster City,

CA) with b2-microglobulin (Mm00437762_m1), gran-

zyme B (Mm00442834_m1), IFN-c (Mm01168134_m1),

Eomes (MM01351985_m1), Gata-3 (Mm0048463_m1),

IL-4 (Mm00445259_m1), IL-10 (Mm00439614_m1),

TGF-b1 (Mm01178820_m1) and IL-2 (Mm00434256_m1)

as primers and probes. Quantitative PCR was performed

in triplicates using TaqMan (Applied Biosystems) chemis-

try in 20-ll reactions composed of TaqMan Universal

PCR Master Mix (Applied Biosystems), cDNA template

and PCR probe set for individual genes, as described

above. For each target, PCR amplification was performed

and detected with a StepOnePlusTM Real-Time PCR Sys-

tem (Applied Biosystems). To analyse the relative tran-

scripts we used the comparative Ct method, also referred

as the DDCt method.41 The relative fold of each test

group to the control group is given by the arithmetic for-

mula 2�DDCt . For each sample, the cycle threshold (Ct)

values for b2-microglobulin and other genes of interest

were determined and values obtained with b2-microglob-

ulin were used for normalization. The DCt values are sub-

traction of the average b2-microglobulin Ct value from

the average gene of interest Ct value, and the DDCt values

are the subtraction of test group from the control group.

Relative transcript expression for each gene is depicted as

2�DDCt . For example, if the DDCt value of the control

group is 0, the relative fold to itself is 1 (according to

2�DDCt ). If the DDCt value of test group is 2, the relative

fold to control group is 0�25.

Suppressor assay

CD4+ FoxP3+ cells and CD4+ FoxP3� cells from FoxP3-

DTR and ThPOK-FoxP3-DTR transgenic mice were puri-

fied by cell sorting with the FACSAria flow cytometer

with purities over 95%. The suppressor assay was
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performed using 2 9 104 CD4+ FoxP3� cells as respond-

ers, 2 9 105 mitomycin C (50 lg/ml) treated antigen-

presenting cells as stimulators and the indicated number

of CD4+ FoxP3+ cells as suppressors in 200 ll media with

anti-CD3 (5 lg/ml) in a U-bottom 96-well plate. During

the last 8 hr of the 3-day incubation period 1 lCi [3H]

thymidine (PerkinElmer, Waltham, MA) was added to

each well. In some experiments, 4 lg/ml of neutralizing

TGF-b antibodies (R&D Systems) or 4 lg/ml mouse

IgG1 control antibodies (eBioscience) were added at the

beginning of the 3-day incubation. All data are shown as

mean [3H]thymidine incorporation of triplicate cultures.

Results

The ThPOK transgene converted self-specific CD8lo

cells into CD4+ CD8� cells

In normal mice, the ThPOK transgene redirected the

development of conventional MHC class I-restricted

CD8+ T cells into the CD4+ T-cell lineage. To determine

whether the ThPOK transgene can also redirect self-spe-

cific CD8 cells into the CD4+ T-cell lineage, we produced

male H-Y TCR transgenic mice that expressed the

ThPOK transgene. The total thymocyte numbers of male

H-Y and ThPOK H-Y mice were 8�3 9 106 and

1�5 9 108, respectively. Staining of thymocytes from male

H-Y and H-Y ThPOK mice indicated that the develop-

ment of CD8lo cells in male ThPOK H-Y mice was abro-

gated (Fig. 1a). Furthermore, there is a large population

of CD4+ CD8+ thymocytes in male H-Y ThPOK mice

and 18 times more thymocytes were recovered from male

H-Y ThPOK mice compared with male H-Y mice. The

high recovery of CD4+ CD8+ thymocytes in male H-Y

ThPOK mice was at least in part due to the down-regula-

tion of the H-Y TCR and CD8 by these cells (see Supple-

mentary material, Fig. 1). Three-colour staining revealed

that only 5�7% of the CD4+ CD8� thymocytes from male

H-Y ThPOK mice expressed a high level of the H-Y TCR

(Fig. 1a). Despite the low percentage of H-Y+ cells in the

CD4+ CD8� population, a total of 1�3 9 106

CD4+ CD8� H-Y+ thymocytes was recovered from male

ThPOK H-Y mice compared with 0�4 9 106 CD4�CD8lo

thymocytes recovered from male H-Y mice. This indi-

cated that the conversion of CD4�CD8lo H-Y TCR+ to

CD4+ CD8� H-Y TCR+ by the ThPOK transgene is

highly efficient.

We also determined the recovery of CD4� CD8lo H-Y

TCR+ and CD4+ CD8� H-Y TCR+ cells from the lymph

nodes of male H-Y and H-Y ThPOK mice. In contrast to

the thymus, significantly fewer CD4+ CD8� H-Y TCR+

cells were recovered from the lymph nodes of male H-Y

ThPOK mice compared with the CD4� CD8lo H-Y TCR+

cells recovered from male H-Y lymph nodes (Fig. 1b).

Staining of CD4� CD8lo H-Y TCR+ and CD4+ CD8� H-

Y TCR+ cells with either annexin V or 7-AAD revealed

that ~ 30% of CD4+ CD8� H-Y TCR+ cells were highly

stained with either annexin V or 7-AAD, indicating that

the CD4+ CD8� H-Y TCR+ cells have a survival disad-

vantage compared with CD4� CD8lo H-Y TCR+ cells

(Fig. 1c). Similar results were observed for splenic

CD4+ CD8� H-Y TCR+ cells (data not shown). This

poorer survival probably contributed to the low recovery

of CD4+ CD8� H-Y TCR+ cells from the peripheral lym-

phoid organs of male ThPOK H-Y lymph nodes.

Converted CD4+ H-Y TCR+ cells are not activated by
the male antigen

Since the converted CD4+ H-Y TCR+ T cells express the

wrong co-receptor we determined the effect on the expres-

sion of the wrong co-receptor on their ability to be acti-

vated by the male antigen. CFSE-labelled CD8lo H-Y

TCR+ T cells or CD4+ H-Y TCR+ T cells from male H-Y

and H-Y ThPOK mice respectively were stimulated with

mitomycin C-treated female B6 spleen cells with various

concentrations of the H-Y peptide.14 Whereas the CD8lo

H-Y TCR+ T cells proliferated vigorously in response to

the male peptide, the CD4+ H-Y TCR+ T cells were not

male-responsive, even at high peptide concentrations

(Fig. 2a). However, the CD4+ H-Y TCR+ T cells are not

functionally inert because they proliferated to a greater

extent than the CD8lo H-Y TCR+ T cells when activated

for 60 hr by the T-cell mitogen, concanavalin A (Fig. 2b).

These results indicate that the converted CD4+ H-Y TCR+

T cells are no longer responsive to the male antigen.

Figure 1. The ThPOK transgene converts CD8lo cells into CD4+ CD8� cells. (a) The dot plots depict CD4 and CD8 profiles of thymus

from male H-Y TCR and H-Y ThPOK transgenic mice. The circles in the dot plots indicate the gates for CD8SP or CD4SP cells. The

histograms depict the expression of H-Y TCR by gated CD8SP or CD4SP cells from H-Y TCR and H-Y ThPOK transgenic mice, respec-

tively. The numbers in the dot plots and histograms indicate the percentages of gated cells. The bar graphs depict the mean numbers of

the indicated cell types recovered from male H-Y and H-Y ThPOK mice. (b) The dot plots depict CD4 and CD8 profiles of lymph node

cells from male H-Y TCR and H-Y ThPOK transgenic mice. The circles in the dot plots indicate the gates for CD8lo or CD4+ cells. The

histograms depict the expression of H-Y TCR by gated CD8lo or CD4+ cells from H-Y TCR and H-Y ThPOK transgenic mice, respectively.

The * indicates P < 0�05; two-tailed t-test. (c) The histograms depict levels of annexin V and 7-AAD staining by gated CD8lo H-Y TCR+

and CD4+ H-Y TCR+ cells from male H-Y TCR and H-Y ThPOK transgenic mice, respectively. Results are representative of three separate

experiments.
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Converted self-specific CD8lo T cells lost their cell-
surface and functional properties and acquired helper
characteristics

Self-specific CD8 T cells expressed high levels of CD44,

CD122, Ly6C and 1B11.14 We found that the converted

CD4+ H-Y TCR+ cells express much lower levels of

CD44, CD122, Ly6C and 1B11 when compared with

CD8lo H-Y TCR+ T cells, indicating that the converted

CD4+ H-Y TCR+ cells lost memory markers that were

characteristic of self-specific CD8lo cells (Fig. 3a). We

have shown previously that the CD8lo cells from male H-

Y mice proliferated vigorously in response to either IL-2

or IL-15. We determined whether the converted CD4+ H-

Y TCR+ cells retained this ability to be stimulated by IL-2

or IL-15. Purified CD8lo H-Y TCR+ and CD4+ H-Y

TCR+ cells were labelled with CFSE before stimulation

with either IL-2 or IL-15 and reduction in CFSE labelling

after 72 or 96 hr of culture was used as a measure of pro-

liferation. These results indicate that while the CD8lo H-Y

TCR+ cells proliferated well when stimulated with either

IL-2 or IL-15, the converted CD4+ H-Y TCR+ cells prolif-

erated very poorly after either 72 or 96 hr of culture in

either IL-2 or IL-15 (Fig. 3b). The lack of response to

either IL-2 or IL-15 by CD4+ H-Y TCR+ cells is probably

a result of the lower levels of CD122 (IL-2 receptor b-
chain) that are expressed by these cells (Fig. 3a). This

notion is confirmed by the observation that either IL-2-

induced or IL-15-induced proliferation of CD8lo H-Y

TCR+ cells was completely abrogated by the addition of a

neutralizing anti-CD122 antibody (Fig. 3b).

Another characteristic of self-specific CD8lo cells is that

they expressed elevated natural killer (NK) cell markers

after activation with either IL-2 or IL-15.14 Consistent

with their low proliferative response to these cytokines,

the converted CD4+ H-Y TCR+ cells did not express NK

cell surface markers (2B4, CD94, DX5 and NKG2D) after

stimulation with either IL-2 or IL-15 (Fig. 3c).

To further characterize the effect of the ThPOK trans-

gene on the function of self-specific CD8lo T cells we

determine whether production of transcripts that are

indicative of these cells after PMA + ionomycin stimula-

tion is affected by the ThPOK transgene. We have

previously shown that activated CD8lo cells were efficient

producers of IFN-c and possess killer activity.14 As shown

in Fig. 4(a), PMA + ionomycin-activated CD8lo H-Y

TCR+ T cells expressed high levels of transcripts for

granzyme B, IFN-c and the CD8+ T-cell-specific T box

transcription factor, Eomesodermin (Eomes).42 It is noted

that the activated CD8lo cells expressed similar levels of

transcripts for granzyme B and Eomes compared with

CD8+ T cells from normal mice. However, CD8lo cells dif-

fered from normal CD8+ T cells by expressing a much

higher level of transcripts for IFN-c (Fig. 4a). Notably, the
converted CD4+ H-Y TCR+ T cells, which lost memory

markers, expressed very low levels of transcripts for gran-

zyme B, IFN-c and Eomes and these low levels were similar

to those expressed by activated CD4+ T cells from normal

mice (Fig. 4a). The low levels of transcripts for granzyme

B and IFN-c also corresponded with the much lower levels

of proteins expressed by these cells, as determined by

intracellular staining (Fig. 4b). We have previously shown

that activated CD8lo cells were efficient producers of

TNF-a.43 Here, we show that the converted CD4+ H-Y

TCR+ cells produced significantly less TNF-a after

PMA + ionomycin activation relative to CD8lo T cells

(Fig. 4b). These results indicate that the converted CD4+

H-Y TCR+ T cells were unable to express transcripts that

were indicative of self-specific CD8lo cells after

PMA + ionomycin activation.

We next determined whether the converted CD4+ H-Y

TCR+ T cells expressed transcripts that were specific for

conventional CD4+ T cells after PMA + ionomycin activa-

tion. Gata-3 is a transcription factor that is required for

the development of CD4+ T cells and is expressed at a

high level in CD4+ T cells following activation.7,9 Simi-

larly, IL-4 transcripts are produced at high levels by acti-

vated CD4+ cells but not CD8+ T cells. We found that the

CD8lo cells differ from normal CD8+ T cells by expressing

high levels of Gata-3 transcripts after activation (Fig. 4c).

This level was as high as that observed for conventional

CD4+ T cells. Interestingly, the converted CD4+ H-Y

TCR+ T cells express significantly higher levels of Gata-3

transcripts relative to similarly activated CD4+ T cells

(Fig. 4c). Similar to normal CD8+ T cells, the CD8lo cells

do not express IL-4 transcripts after activation. However,

the converted CD4+ H-Y TCR+ T cells produced a signifi-

cantly higher level of IL-4 transcripts relative to CD8lo

cells after activation. The converted CD4+ H-Y TCR+ T

cells produced much lower levels of IL-4 transcripts com-

pared with similarly activated normal CD4+ T cells. In

summary, although there are differences between the con-

verted CD4+ H-Y TCR+ T cells and normal CD4+ T cells,

it is clear that the converted CD4+ H-Y TCR+ T cells are

able to produce transcripts that are specific for the CD4+

T-cell lineage after activation.

Figure 2. Converted CD4+ H-Y TCR+ cells are not activated by male antigen. (a) Sorted CD8lo H-Y TCR+ cells and CD4+ H-Y TCR+ cells from

H-Y TCR and H-Y ThPOK transgenic mice were labelled with CFSE and cultured with mitomycin C treated spleen cells from B6 female mice

with the indicated concentration of H-Y peptide. Cells were analysed by FACS at 72 and 90 hr. (b) Sorted CD8lo H-Y TCR+ cells and CD4+ H-Y

TCR+ cells from H-Y TCR and H-Y ThPOK transgenic mice were labelled with CFSE and activated with concanavalin A (2 lg/ml) for 48 and

60 hr. Results are representative of three independent experiments.
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Increased recovery of CD4+ Treg cell from ThPOK
transgenic mice

We next determined whether the ThPOK transgene

affected the development and function of CD4 Treg cells.

FoxP3 is a definitive marker for Treg cells. However,

FoxP3 is an intracellular molecule and not detectable

directly by FACS. We therefore used FoxP3-DTR mice to

monitor FoxP3 expression by CD4 Treg cells. In these

mice, expression of both human DTR and GFP is limited

to FoxP3+ cells.40 In this way, FoxP3+ cells can be detected

directly by FACS without the necessity to stain for FoxP3

intracellularly. We found that the percentages of

CD4+ CD25+ as well as CD4+ FoxP3+ cells in the thymus

(Fig. 5a) and lymph nodes (Fig. 5b) of ThPOK transgenic

mice were significantly increased relative to normal mice.

This increase in percentages translated to a significantly

higher recovery of CD4+ CD25+ and CD4+ FoxP3+ cells

from the thymus, lymph node and spleen of ThPOK-

FoxP3-DTR mice relative to FoxP3-DTR mice (Fig. 5c).

The CD4+ FoxP3+ cells recovered from ThPOK transgenic

mice expressed slightly higher levels of CD25. Thymocytes

and lymph node cells from ThPOK-FoxP3-DTR mice

expressed slightly higher levels of CD25 relative to those

from FoxP3-DTR mice (mean fluorescence intensity of

982 versus 722 for thymocytes and 495 versus 322 for

lymph node cells; Fig. 5d). Furthermore, PMA + ionomy-

cin activated CD4+ Foxp3+ cells from ThPOK-FoxP3-DTR

mice expressed significantly higher levels of IL-2 mRNA

compared with those from FoxP3-DTR mice (Fig. 5d). As

the development of CD4+ Treg cells is dependent on inter-

actions of IL-2 with the high affinity IL-2 receptor,44 the

higher expression of CD25 by thymocytes and lymph node

cells and the more efficient induction of IL-2 mRNA in

activated CD4+ Foxp3+ cells from ThPOK transgenic mice

probably contributed to the more efficient development of

CD4+ FoxP3+ cells in ThPOK transgenic mice.

The CD4+ Treg cells from ThPOK transgenic mice
possess higher suppressor activity

We next determined whether the function of CD4+ Treg

cells is affected by the ThPOK transgene. To determine

the suppressor activity of CD4+ FoxP3+ cells from normal

or ThPOK transgenic mice, these cells were purified from

FoxP3-DTR mice with or without the ThPOK transgene

and their suppressor activity was determined by co-cul-

turing with CD4+ Foxp3� T cells at various suppressor to

responder ratios as previously described.17 We found that

relative to CD4+ FoxP3+ cells from FoxP3-DTR mice,

CD4+ FoxP3+ cells from ThPOK-FoxP3-DTR mice were

significantly more suppressive than those from FoxP3-

DTR mice at various ratios of suppressor to responder

cells in this suppressor assay (Fig. 6a).

We next determined the effect of the ThPOK transgene

on the production of transcripts that are specific for CD4+

T helper (Gata-3 and IL-4) and CD4+ Treg cells (IL-10 and

TGF-b) by PMA + ionomycin-activated CD4+ FoxP3+

cells. We found that the production of Gata-3 and IL-10

transcripts by activated CD4+ FoxP3+ cells was not signifi-

cantly affected by the ThPOK transgene (Fig. 6b). How-

ever, the production of IL-4 and TGF-b transcripts by

activated CD4+ FoxP3+ cells from ThPOK transgenic mice

was significantly lower (Fig. 6b). The low transcript levels

for TGF-b were a surprising result in view of the higher

suppressor activity observed for CD4+ FoxP3+ cells recov-

ered from ThPOK transgenic mice. We therefore pro-

ceeded to determine whether the protein level of activated

CD4+ FoxP3+ cells for IL-10 and TGF-b were affected by

the ThPOK transgene. Interestingly, we found that despite

significantly lower levels of TGF-b transcripts, activated

CD4+ FoxP3+ cells from ThPOK transgenic mice produced

significantly more TGF-b protein than similarly activated

CD4+ FoxP3+ cells from normal mice (Fig. 6c). By con-

trast, the protein levels of Gata-3, IL-4 and IL-10 of acti-

vated CD4+ FoxP3+ cells from either FoxP3-DTR and

ThPOK-FoxP3-DTR mice were similar (Fig. 6c).

To determine whether the higher suppressor activity of

CD4+ FoxP3+ cells from ThPOK transgenic mice was a

result of TGF-b we repeated the suppressor assay with

the inclusion of either control or anti-TGF-b antibodies.

We found that addition of anti-TGF-b antibodies reduced

the suppressor activity of CD4+ FoxP3+ cells from

ThPOK-FoxP3-DTR mice to that of CD4+ FoxP3+ cells

from FoxP3-DTR mice (Fig. 6d). This result indicates

Figure 3. CD4+ H-Y TCR+ cells lost expression of cell surface molecules characteristic of self-specific CD8 T cells and do not respond to either

interleukin-2 (IL-2) or IL-15. (a) The histograms depict expression of the indicated cell surface molecules by gated CD8lo H-Y TCR+ and CD4+

H-Y TCR+ cells from male H-Y TCR and H-Y ThPOK transgenic mice, respectively. The fluorescence-conjugated rat IgG1 control antibodies

were used to show the basal level as indicated. (b) Purified CD8lo and CD4+ cells from male H-Y TCR and H-Y ThPOK transgenic mice, respec-

tively, were labelled with CFSE and cultured with either 200 U/ml IL-2 (upper row) or 100 ng/ml IL-15 (lower row). Proliferation of gated CD8lo

H-Y TCR+ and CD4+ H-Y TCR+ cells were analysed by FACS at 72 and 96 hr. In the blocking experiments, CFSE-labelled CD8lo H-Y TCR+ cells

were activated with IL-2 (upper row) or IL-15 (lower row) with isotype control antibody or anti-CD122 for 72 hr (right column). (c) Purified

CD8lo and CD4+ cells from male H-Y TCR and H-Y ThPOK transgenic mice, respectively, were cultured with either 200 U/ml IL-2 (upper row)

or 100 ng/ml IL-15 (lower row). The histograms represent the expression of the indicated cell surface molecule by gated CD8lo H-Y TCR+ and

CD4+ H-Y TCR+ cells after 3 days of culture. The isotype control antibodies were used as indicated. Results are representative of three separate

experiments.
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that the higher suppressive activity of CD4+ FoxP3+ cells

from ThPOK transgenic mice is a result of the higher

amount of TGF-b protein produced by these cells.

Discussion

The ThPOK transcription factor plays a pivotal role in

the development of CD4 T cells and CD4/CD8 lineage

decisions. Furthermore, transgenic expression of ThPOK

redirects developing thymocytes expressing MHC

I-restricted TCRs into the CD4 lineage4,5,45 and retroviral

expression of ThPOK in peripheral CD8+ T cells inhibits

CD8 expression and effector functions and promotes the

expression of CD4-specific helper genes.38 These observa-

tions indicate that the ThPOK transcription factor affects

both intra-thymic and post-thymic stages of conventional
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CD4+ and CD8+ T-cell development. However, it is not

known whether ThPOK can affect the development and

function of other T-cell types. In this study, we investi-

gated the effect of the ThPOK transcription on the devel-

opment and function of self-specific CD8 T cells and

CD4+ FoxP3+ Treg cells. Unlike conventional CD8

T cells, which are dependent on low-affinity interactions

with the selecting ligands, both self-specific CD8 T cells

and CD4+ FoxP3+ Treg cells are dependent on high-affin-

ity interactions with their selecting ligand for their devel-

opment.22,46 We found that transgenic expression of

ThPOK differentially affected the development and

function of these two regulatory cell types. Whereas

ThPOK converted self-specific CD8 cells into non-self-

reactive CD4 T cells with a survival disadvantage, the

development and function of CD4+ FoxP3+ Treg cells

were enhanced by ThPOK.

It is noted that > 80% of peripheral CD4+ T cells from

ThPOK H-Y male mice do not express the H-Y TCR.

Previous studies have shown that the development of

CD4+ T cells in male H-Y mice was inhibited because of

the deletion of immature CD4+ CD8+ thymocytes at an

early stage. However, a low percentage of mature periph-

eral CD4+ T cells expressing endogenous a-chain genes

do develop in these mice.11,12 As the ThPOK transgene is

not expected to affect the development of these cells, it is

reasonable to detect their existence in ThPOK H-Y male

mice. However, the expression of the wrong co-receptor

by the converted CD4+ H-Y TCR+ cells rendered them

non-male-reactive and affected their survival in peripheral

lymphoid organs. This is consistent with our previous

studies demonstrating that the survival and the mainte-

nance of the memory phenotype of self-specific CD8lo

cells in peripheral lymphoid organs is dependent on con-

tinuous antigen stimulation.43 Hence, the poor recovery

of CD4+ H-Y TCR+ cells from male ThPOK H-Y mice is

probably a result of their survival disadvantage in the

peripheral lymphoid organs of these mice.

The converted CD4+ H-Y TCR+ cells also differ from

self-specific CD8 cells in the expression of memory mark-

ers, proliferative response to IL-2 and IL-15, and expres-

sion of Eomes, granzyme B, IFN-c, TNF-a and NK

markers after activation. Furthermore, the converted

CD4+ H-Y TCR+ cells acquire properties that are charac-

teristic of conventional CD4+ T helper cells, i.e. produc-

tion of Gata-3 and IL-4 transcripts after activation. There

are several similarities between the effect of ThPOK on

the development and function of self-specific CD8 T cells

and conventional CD8 T cells. These similarities include

the conversion of these cells to CD4+ T cells, inability to

express granzyme B, IFN-c and Eomes, and expression of

higher levels of Gata-3 and IL-4 transcripts after

PMA + ionomycin activation. We have noted that there

are major differences in the requirements for the develop-

ment of self-specific CD8 T cells and conventional CD8 T

cells that include differential dependence for Tec kinases,

RasGRP1, IL-15 and affinity for the selecting ligands.

Despite these differences, the ThPOK transgene is able to

affect the development and function of self-specific CD8

T cells. However, these data may only indicate the effect

of the ThPOK transcription factor on the development

and function of memory CD8 T cells and do not reflect a

lineage switch of memory CD8+ T cells into conventional

CD4+ T helper cells. It also remains to be determined

whether the ThPOK transgene can affect the development

and function of other cytotoxic cell types such as NK

cells.

The effect of the ThPOK transgene on the development

and function of CD4+ FoxP3+ Treg cells has not been

determined. In this study, we found that the ThPOK

transgene affected the development as well the function

of CD4+ FoxP3+ Treg cells. We found that more

CD4+ FoxP3+ Treg cells were produced in ThPOK trans-

genic mice. The CD4+ FoxP3+ Treg cells express higher

levels of CD25 (Fig. 5d) but not CTLA-4 and GITR (data

not shown). Furthermore, activated CD4+ FoxP3+ Treg

cells from ThPOK transgenic mice express higher levels of

IL-2 transcripts (Fig. 5d). As the development of

CD4+ FoxP3+ Treg cells is dependent on IL-2,47 the

higher expression of CD25 and IL-2 transcripts by these

cells may have contributed to their more efficient devel-

opment in ThPOK transgenic mice. Interestingly, the

CD4+ FoxP3+ Treg cells from ThPOK transgenic mice

were more suppressive on a per cell basis when compared

with their counterpart from normal mice. This higher

suppressor activity was observed in spite of lower levels

of TGF-b transcripts that are produced by PMA + iono-

mycin-activated cells. Surprisingly, despite producing sig-

nificantly lower level of TGF-b transcripts, CD4+ FoxP3+

Treg cells from ThPOK transgenic mice produced more

TGF-b protein on activation (Fig. 6c). Previous studies

showed that the 2�5-kb TGF-b transcript is poorly trans-

lated in human, rat and mouse cells.48–51 Furthermore, its

unusually long GC-rich 5′ and 3′ untranslated regions46

performed either inhibitory or stimulatory roles in the

translation of the TGF-b transcript.52,53 It is possible that

the higher level of TGF-b protein that is produced by

CD4+ FoxP3+ Treg cells from ThPOK transgenic mice

may be a result of alteration in the regulation of these

untranslated region sequences, leading to more efficient

translation of the TGF-b transcript in these cells. Further

studies are required to test this hypothesis. However,

regardless of the mechanism that leads to more efficient

production of the TGF-b protein, we have conclusively

shown that the higher suppressor activity of

CD4+ FoxP3+ Treg cells from ThPOK transgenic mice

was due to TGF-b (Fig. 6d).

In summary, this study showed that the CD4 lineage-

specific transcription factor ThPOK is able to differen-

tially affect the development and function of self-specific

ª 2013 John Wiley & Sons Ltd, Immunology, 141, 431–445 443

ThPOK differential affects different T cell subsets



CD8+ T cells and CD4+ FoxP3+ Treg cells. Further stud-

ies will determine whether ThPOK can alter the develop-

ment and function of other cell types. These observations

also provide novel insight regarding new approaches to

alter the development and effector function of various

T-cell subsets and provide new avenues for immune

regulation.
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